In this paper, the design of a 9.1 GHz Low Noise Amplifier (LNA) of a RADAR receiver that is used in the Navy is presented. For the design of the LNA, we used GaAs Field-Effect Transistors (FETs) from Agilent ADS component library. In order to keep the cost of the circuit in low prices and the performance high, we design a two-stage LNA. Keywords Navy RADAR; Low Noise Amplifier (LNA); Field Effect Transistor (FET)
Introduction
RADARs are the eyes of observers in circumstances where the visibility is poor or nonexistent. Their use is necessary in sectors such as marine or air navigation. The most common type of a Marine Navigational Radar is the Monostatic Radar. Even though the specifications of such an implementation differentiate regarding its use, the high transmitter emitting power, the high gain of its antenna and the high sensitivity of the receiver comprise some of the standard requirements that the marine navigation radar should have. From Equation (1) , it is evident that the satisfaction of the aforementioned radar characteristics leads to a longer operation range. More specifically, P t and P r are the transmitted and received power, G is the antenna gain, A e is the effective aperture (area) of the antenna, σ is the radar cross section of the target and R is the distance where a target can be detected. 
The LNA is one of the most important building blocks of the receiver, since it is responsible in properly amplifying the received data for the following detection process. For this reason the intrinsic Noise Figure ( NF) of such an amplifier plays the most important role for the total system NF in dBs (F system pure number), as shown in (2) , where F i and G i are the NF and the gain respectively of each device of the system [1]- [5] . So the first limitation for our design (our target) is the achievement of 7 dB NF. Of course it is important for the amplifier to amplify the input signal. So the gain should be at least 15 dB (second limitation). In addition, it should be kept in low values of the input port voltage reflection coefficient (|S11| < −6 dB) and the output port voltage reflection coefficient (|S22| < −6 dB). Voltage standing wave ratio (VSWR) both at input and output should be lower than 3 dB.
From the first of July 2002 where it is mandatory to fit two radars, one must be X Band (9 GHz) and one must be S Band (3 GHz) unless the local administration states that two X band radars are permissible. All new buildings must comply with the new carriage rules. The X band radar, transmitting in higher performance, has better sensitivity and tracking performance; it can better discriminate two small targets close to each other, and it can also portray the coastlines better. It also gives a higher gain for same antenna dimensions. On the other hand higher frequencies are attenuated more in atmosphere, particularly in adverse conditions of fog, rain and sea clutter and are amplified with more difficulty [6] .
For the design of the LNA we have chosen the GaAs FETs since it operates better than the Si BJT in high radio frequencies. Despite the fact that SiGe Heterojunction Bipolar Transistors (HBT) have been reported in the literature as a cheaper solution with proper performance in the high frequencies region similar to GaAs FETs [1] - [3] , we have chosen not to use this type of transistor due to its lack of manufacturing maturity. In order to address the low cost constrains of the LNA chip, we focused on limiting the amplification stages in two [5] . Our effort is focused on achieving high enough gain and low noise figure [7] [8].
Design
The first step in our LNA design was the confirmation that the transistor is unilateral, and that satisfies (3).
where G T and G TU are the transducer and the unilateral transducer gain ( 12 0 S = ) respectively and ( )( ) For low noise applications the transistors are usually biased at low current levels, since in that way the minimum possible noise is achieved; however with the cost of a limited amplification gain. In order to achieve higher amplification ability, thus amplifier gain, we have decided to implement an additional amplification level at our LNA design. The transistors' topology that has been selected was the cascaded one as presented in Figure 1 .
For the purpose of ensuring a lower noise, the matching circuits designed. For the input matching circuit we used the Smith chart to define the starting point as close to the Γ OPT on the Smith chart (Figure 2) .
For the design of the output matching circuit, the input matching circuit was inserted in the circuit of the amplifier and the goal has been Γ OUT to reach the center of the Smith chart (Figure 3) . Finally the matching circuit which is intermediate to the two LNA stages should connect Z OUT1 to Z OUT2 [9] (Figure 4) (Γ is the reflection coefficient and Z is the impedance).
Finally, the resulting circuits were added in the total LNA circuit. After several simulations we have decided to make some changes in the values of the capacitances and the henries of the matching circuits of our final LNA circuit. These changes derived from the parasitic capacitances and inductances that could not be pre-estimated [10] [11] . Figure 1 shows the final LNA circuit. Apart from the three matching circuits (input, output and intermediate), there are two 100 pF capacitors which are the DC-Blocks.
Results and Discussion
The simulation results have shown a 20.1 dB gain that is higher than the goal gain of the 15 dB, as depicted in Moreover, in Figure 6 the S11 and S22 are presented. Their values are −9.795 dB and −15.121 dB respectively at the region of the 9.1 GHz. The lower value of S22 was found to be −30.534 dB at 9.3 GHz, however this behavior is acceptable due to the LNA high performance at the 9.1 GHz region. Additionally it should be noted that the LNA response at the 9.3 GHz could be helpful especially in the case where a slight frequency shifting of the received signal would occur. Figure 7 shows the NF response of the two-stage LNA and as noticed it reaches ~6.9 dB, which is lower than the 7 dB acceptance NF limit. Also, both input and output VSWR were measured to be lower than 3 dB, with the input and the output VSWR to be 1.958 (Figure 8 ) and 1.425 dB (Figure 9) respectively.
It should be noted that an amplifier should be stable not only at its operational frequency, but also in a wide range of input frequencies. This stems from the fact that the output load of the LNA may be different compared to the simulation. Figure 10 presents the input stability circles and Figure 11 the output stability circles for frequencies between 4 GHz and 14 GHz with a step of 0.1 GHz. As shown, the LNA is stable in all these frequencies since the stability circles are both out of the unitary Smith chart and simultaneously the center of Smith chart is stable (both the |Γin| and the |Γout| are lower than 1).
Even though the performance of the simulated LNA is efficient, the accretion of additional amplification stages would improve the overall LNA performance. However it should be noted that the addition of an extra component increases the total circuit cost and its energy consumption. 
Conclusion
We have designed a two-stage cascade GaAs LNA operating at 9.1 GHz which is attractive for Navy Radar applications. We have showed that the LNA is stable in a wide span of frequencies between 4 -14 GHz. Its gain and NF were measured to be 20.108 and 6.92 dB respectively. In addition, both input and output VSWR were lower than 3 dB. Finally, S11 parameter was −9.975 dB and the S22 was −15.121 dB.
